ABSTRACT: Insulin promotes bone formation via a well-studied canonical signaling pathway. An adapter in this pathway, insulin-receptor substrate (IRS)-1, has been implicated in the diabetic osteopathy provoked by impaired insulin signaling. To further investigate IRS-1's role in the bone metabolism, we generated Irs-1-deficient Irs-1 smla/smla mice. These null mice developed a spontaneous mutation that led to an increase in trabecular thickness (Tb.Th) in 12-mo-old, but not in 2-mo-old mice. Analyses of the bone marrow stromal cells (BMSCs) from these mice revealed their differential expression of osteogenesis-related genes and miRNAs. The expression of miR-342, predicted and then proven to target the gene encoding collagen type Ia2 (COL1A2), was reduced in BMSCs derived from Irs-1-null mice. COL1A2 expression was then shown to be age dependent in osteoblasts and BMSCs derived from Irs-1 smla/smla mice. After the induction of osteogenesis in BMSCs, miR-342 expression correlated inversely with that of Col1a2. Further, Col1a2-specific small interfering RNA (siRNA) reduced alkaline phosphatase (ALP) activity and inhibited BMSC differentiation into osteocyte-like cells, both in wild-type (WT) and Irs-1 smla/smla mice. Conversely, in Irs-1 smla/smla osteocytes overexpressing COL1A2, ALP-positive staining was stronger than in WT osteocytes. In summary, we uncovered a temporal regulation of BMSC differentiation/bone formation, controlled via Irs-1/miR-342 mediated regulation of Col1a2 expression
Insulin and IGF-1 play important roles in the anabolic regulation of bone metabolism (1) , with aberrant insulin signaling correlating with diabetes and diabetic osteopathy (2) . In type 1 diabetes mellitus (T1DM) with insulin deficiency, the risk of osteoporosis and fragility fractures are both significantly increased (3) . However, in type 2 diabetes mellitus (T2DM) with insulin resistance, results have been contradictory, with higher, lower, or even similar values reported for bone mineral density (BMD) compared to control subjects (4) (5) (6) . Therefore, it remains unclear as to whether the effects of insulin resistance on bone metabolism are protective or detrimental.
At the molecular level, insulin and IGF-1 stimulate signaling via endogenous tyrosine kinase receptors. The major signaling adapters in these pathways are insulinreceptor substrate (IRS)-1 and -2, which are rapidly phosphorylated on multiple tyrosine residues after ligand stimulation. Phosphorylated IRS-1 and -2 bind to proteins containing Src homology (SH)-2 domains, and these intermediate signaling effectors stimulate a variety of downstream pathways that regulate cell metabolism, growth, and differentiation (7, 8) . The number of osteoblasts, and therefore the rate of bone formation, was reduced in mice that specifically lacked insulin receptor (IR) expression in osteoblasts (9) . However, the effect of IRSs on bone metabolism remains a controversial issue. Our previous studies showed that Irs-1 promotes bone formation and mineralization in cultured preosteoblasts (10) and that Irs-2 enhances estrogeninduced bone formation (11) . Irs-1-knockout mice exhibit low BMD or severe osteopenia, with low bone turnover at 4, 8, 12 , and 16 wk of age (12) . In contrast, others have shown that bone metabolism is promoted by an Irs-1 deficiency in osteoblasts, with a demonstrable increase in cancellous bone volume and the number of trabeculae (13) . These data were based on micro-computed tomography (mCT) of femurs from 450-and 700-d-old female wild-type (WT) and Irs-1 2/2 mice (13). Such contradictory findings may reflect the use of different mouse strains, distinct gene-knockout methods, and temporal and spatial variations in study design. Nonetheless, the considerable scope for complex, and currently poorly understood, mechanisms for Irs-1's control of bone metabolism, warrant further study.
It is well known that phosphorylated IRSs act as docking proteins that activate a series of downstream signaling effectors containing SH2 domains. These proteins include PI3K, C-terminal Src kinase, and several growth factor-binding proteins, such as growth factor receptor-bound protein-2 and the transcription factor NF-kB (14, 15) . Proteins that contain SH2 domains also participate in bone metabolism by regulating osteogenesisrelated gene expression in osteoblasts and osteoclasts. In addition to the above-mentioned classic insulin-signaling pathway, small noncoding RNAs, referred to as micro-(mi)RNAs, are now known to play important roles in bone development and metabolism (16, 17) . Currently, how the canonical insulin-signaling pathway and miRNAs intersect regulate bone metabolism is unknown.
In this study, we sought to investigate the role of Irs-1 in regulating bone metabolism in Irs-1 smla/smla mice, a mouse strain that carries a spontaneous mutation that abolishes IRS-1 activity. We anticipated that this model could be used to reveal novel mechanism underlying insulin signaling in bone formation.
MATERIALS AND METHODS

Animals
Mice heterozygous for an Irs-1 spontaneous mutation (007240; The Jackson Laboratory, Bar Harbor, ME, USA) were mated to generate homozygotes. The homozygous nonsense mutation (C→A transition) carried by these animals introduces a premature stop codon in place of a serine at position 57 (S57X), which results in a truncated 56-aa N terminus, and a complete loss of active IRS-1 protein (i.e., functionally null). The 3 progeny strains were termed Irs-1 smla/smla , Irs-1 +/smla , and Irs-1 +/+ (WT), with genotypes confirmed by PCR. The primer sequences used were: Irs-1 NM_010570.4 (forward, 59-CTTCTCAGACGTGCGCAAGG; and reverse, 59-GTTGATGTT-GAAACAGCTCTC). The Animal Ethics Committee of the Central South University provided prior approval of all protocols used for our mouse experiments.
Sample management and mCT
Tibias were fixed in 10% buffered formalin at 4°C overnight and stored in 70% ethanol at 4°C until use. For analyses, tibias were embedded in methylmethacrylate and then scanned with a GE eXplore Locus SP Micro-CT Scanner (GE Healthcare, Pittsburgh, PA, USA) using a 12-mm voxel protocol and the following scan parameters: 80 kV, 80 mA, and 2960 ms exposure time. Bone density was normalized with an acrylic calibration phantom that included densities equivalent to air, water, and bone. Image reconstructions and analyses were performed with Microview and an Advanced Bone Application database (version 2.3; GE Healthcare). Mineralized tissue was segregated from air or soft tissue, based on a threshold of 1758 HU [corresponding to BMD = 300 mg hydroxyapatite acid/cm 3 ]. Trabecular morphometry was characterized by measuring the fraction of bone volume/total volume (BV/TV), the trabecular thickness (Tb.Th), the trabecular number (Tb.N), and the trabecular separation (Tb.Sp).
Cell culture
Bones were harvested from 1-mo-old male mice fed a standard chow diet. Each bone end was severed, and the bone marrow was expelled by flushing with PBS. The liquid containing the bone marrow stromal cells (BMSCs), a subset of which are skeletal stem cells (18) , was collected in polypropylene tubes and centrifuged for 10 min. The supernatant was discarded, and the cells were washed twice with PBS, transferred into 60-mm dishes, and cultured at 37°C. Primary osteogenic cells were isolated and cultured as described previously (19) . In brief, we excised the craniums from 2-d-old neonatal C57BL/6 mice and digested them with collagenase II at 37°C (digestion repeated 4 times, 15 min each); the last 2 of 4 digestive cells are enriched with cells exhibiting the biochemical characteristics of osteogenic cells. For osteogenic induction, BMSCs or osteogenic cells were cultured in osteogenic medium, which contained 10 28 M dexamethasone, 50 mg/ml L-2-ascorbic acid, and 10 mM b-glycerophosphate. Alkaline phosphatase (ALP) staining was then performed (20) . The cells were fixed with 4% paraformaldehyde for 15 min, and ALP staining was performed with an ALP assay kit (SigmaAldrich, St. Louis, MO, USA), according to the manufacturer's instructions.
Microarray analyses and bioinformatics prediction
A sixth generation miRCURY LNA Array (v.16.0; Exiqon, Vedbaek, Denmark) was used to analyze differentially expressed miRNAs isolated from 2-mo-old Irs-1 smla/smla mice. In all samples, miRNAs with intensities $50 were chosen to calculate the median intensity, with expression data normalized to that median intensity. Differentially expressed osteogenesisrelated genes were analyzed with a mouse osteogenesis PCR Array (PAMM-026; SA Biosciences, Frederick, MD, USA), which comprises 84-key osteogenesis-related genes. The array was hybridized with 3 independent mouse RNA samples for each genotype. The raw data were analyzed to determine relative expression levels, calculated with the DDC t method, with relative expression reported as 2 2DDCt according to the manufacturer's instructions. After normalization, differentially expressed miRNAs and genes were identified with foldchange filtering. Three prediction algorithms (TargetScanS, miRanda, and PicTar) were used to identify the target genes of differentially expressed miRNAs. When the target gene of a differentially expressed miRNA was also a differentially expressed gene in the osteogenesis PCR array analyses, the gene and miRNA were selected for further study.
Luciferase reporter gene assay
The PmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, Madison, WI, USA) was used for quantitative evaluations of miRNA activity in regulating luciferase gene expression. We inserted the 39-UTR of the Col1a2 DNA sequence (Col1a2 39-UTR) immediately downstream of the firefly luciferase gene (pmirGLO/Col1a2UTR). In addition, we constructed the pmirGLO/mUTR, which contained a Col1a2 39UTR with a deleted miR-342 core binding sequence downstream of the luciferase gene. HEK293T cells were cotransfected with the pmirGLO/Col1a2UTR or pmirGLO/mUTR construct and with either an miR-342 mimic or an miR-342 inhibitor. After 48 h of incubation, HEK293T cells were analyzed for luciferase activity with the Dual-Glo Luciferase Assay System (Promega) and a MicroLumatPlus LB96V luminometer (Berthold Technologies, Oak Ridge, TN, USA). The normalized firefly luciferase activity for each construct was compared to that of the pmirGLO Vector control (no insert). For each transfection, luciferase activity was averaged from 6 replicates.
Cell transfection
We purchased 4 miRNAs from Shanghai GenePharma Co., Ltd (Shanghai, China): an miR-342-3p mimic and its negative control (NC), and an miR-342-3p inhibitor (anti-miR-342-3p) and its NC (anti-miR-342-3p NC). A predesigned small interfering (si)RNA was also used to target the murine Col1a2 gene (GenBank accession number, NM_12843), with an appropriate NC scrambled small interfering RNA (siRNA) (scrRNA). Transfections of primary mouse calvarial osteogenic cells or BMSCs were performed with Lipofectamine 2000, according to the manufacturer's suggested protocol (Thermo Fisher Scientific, Waltham, MA, USA). Primary mouse calvarial osteogenic cells were seeded in 6-well plates (5 3 10 5 cells/well) and were then transfected with miR-342-3p mimics, miR-342-3p inhibitors, and their controls. For Col1a2-specific siRNA transfections, BMSCs of WT mice were transfected for 6 h and then switched to an osteogenic differentiation medium for 4, 8, 12, or 16 d. Western blots and PCR analyses were performed to evaluate Col1a2 expression.
ALP staining analyses
Left femurs were fixed in 10% neutral-buffered formalin for 24-48 h and then decalcified in 10% EDTA (pH 7.4) for 21 d. Decalcified 5-mm-thick left femur sections were deparaffinized with xylene and hydrated with graded alcohol solutions. ALP staining was performed with an ALP assay kit (Sigma-Aldrich), according to the manufacturer's instructions.
RNA isolation and quantitative real-time PCR
RNA was extracted from BMSCs and primary osteogenic cells with TRIzol reagent, according to the manufacturer's instructions (Thermo Fisher Scientific). Reverse transcription was performed to generate cDNA from 1 mg total RNA with the PrimeScript RT Reagent Kit, the gDNA Eraser (TaKaRa, Otsu, Japan), and random primers. Quantitative PCR was performed using primers synthesized by Shanghai Generay Biotech Co., Ltd. (Shanghai, China). The primer sequences were: Col1a2 NM_007743.3 (forward, 59-CAGAACATCACCTACCACTGCAA-39, reverse, 59-TTCAACATCGTTGGAACCCTG-39), and b-actin NM_007393.5 (forward, 59-CAACGAGCGGTTCCGATG-39, reverse, 59-GCCA-CAGGATTCCATACCCA-39). For miRNAs, the reverse transcription reaction was performed with 0.5 mg total RNA and a PrimeScript miRNA quantitative PCR (qPCR) Starter Kit (TaKaRa). For real-time PCR (RT-PCR) assays, we used primers specific for mouse miR-342-3p and primers specific for U6, as the internal control (GeneCopoeia, Inc., Rockville, MD, USA; FulenGen, Guangzhou, China). Amplification and detection were performed with the SYBR Premix Ex Taq II kit (TaKaRa) and the LightCycler Real-time PCR system (Roche). The cycling conditions were: 30 s polymerase activation at 95°C, followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. In addition, melting curves were examined to ensure primer specificity.
Protein isolation and Western blot analyses
Total protein extracts were prepared in RIPA buffer [10 mM Tris-HCl, 1% Nonidet P-40, 0.1% SDS, 150 mM NaCl, and 1 mM EDTA (pH7.5)] containing 1 mM PMSF, 5 mM leupeptin, and 10 mM aprotinin. The concentrations of purified proteins were determined with the bicinchoninic acid protein assay (Thermo Fisher Scientific) using bovine serum albumin (BSA) to standardize protein loading. Total cell lysates were resolved on 8% wt/vol or 10% wt/vol SDSpolyacrylamide gels and proteins transferred to Immobilon PVDF membranes (EMD-Millipore, Billerica, MA, USA). The membranes were blocked with 5% nonfat dry milk in Tris-buffered saline-Tween [TBST; 50 mM Tris (pH 7.6), 150 mM NaCl, 0.1% Tween 20] and incubated overnight at 4°C in 3% nonfat dry milk in TBST supplemented with primary antibodies against COL1A2 (OAAF02899, 1:2000, Aviva Systems Biology, San Diego, CA, USA) and b-actin (bs-0061R, 1:1000, Bioss, Shanghai, China). Immunoreactive bands were detected with an antirabbit peroxidase-conjugated secondary antibody (1:5000; Bioss) and visualized with enhanced chemiluminescence (GE Healthcare, Little Chalfont, United Kingdom).
Histomorphology and immunohistochemistry
For immunohistochemical analyses, decalcified femur sections were deparaffinized and heat treated to retrieve antigens. Endogenous peroxidase activity was blocked with 0.3% H 2 O 2 in PBS. After treating with 0.1% trypsin for 30 min, sections were incubated at 4°C overnight with a COL1A2 polyclonal antibody (OAAF01757; 1:100, Aviva Systems Biology) followed by incubation with secondary antibodies. Antibodies were detected by staining with a horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG and diaminobenzidine (GTVision III Detection System/Mo&Rb Kit; Gene Tech, Shanghai, China). Specimens were counterstained with hematoxylin. For immunocytochemistry, BMSCs were seeded in culture medium, with 10 mM b-sodium glycerophosphate, 50 mg/ml ascorbic acid, and 10 28 M dexamethasone added on d 0, 4, 8, 12, or 16. Cells were then fixed in 4% paraformaldehyde, permeabilized with 0.05% Triton X-100 for 15 min, and incubated with 1% BSA in PBS for 10 min at room temperature. Osteocyte-like cells were detected with a goat anti-dentin matrix acidic phosphoprotein (DMP)-1 polyclonal antibody (sc-54181, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and the UltraSensitive S-P Kit (Maxin Biotechnology Ltd., Fuzhou, China), used according to the manufacturer's suggested protocol.
Statistical analyses
Data are expressed as means 6 SD. All experiments were performed at least 3 times, with similar results obtained. Differences between groups were analyzed with a 1-way ANOVA or Student's t test. P , 0.05 indicated significant results.
RESULTS
IRS-1 deficiency led to an age-related increase in BMD and trabecular thickness
After mCT analyses, we found elevated Tb.N, but reduced Tb.Th and Tb.Sp in 2-mo-old Irs-1 smla/smla mice, compared with age-matched Irs-1 +/+ mice. No significant differences in BMD or BV/TV were identified (Fig.  1A) . However, by 12 mo of age, mCT showed that the Irs-1-null mice demonstrated more regenerated mineralized tissue than their Irs-1 +/+ counterparts (Fig. 1B) . Moreover, they expressed a significant elevation in BMD, Tb.N, Tb.Th, and BV/TV, together with a significant reduction in Tb.Sp, compared to the Irs-1 (Fig. 1A) To discover the molecular mechanisms underlying the age-related differences in bone microarchitecture in Irs-1 smla/smla mice, we identified differentially expressed genes and miRNAs related to osteogenesis using highthroughput PCR-arrays and miRNA-array analyses, respectively. The PCR-array results showed that multiple genes related to bone metabolism were affected by Irs-1 deficiency (Fig. 2B) . In all, 36 genes were up-regulated (.2.0-fold change) in BMSCs derived from Irs-1 smla/smla mice. These comprised genes related to bone mineral metabolism and skeletal development, cell growth and differentiation, extracellular matrix (ECM) proteins, and catabolic enzymes. We also identified 5 genes that were down-regulated, including matrix metalloproteinase-9 and CD36 antigen (Supplemental Tables 1 and 2 ). The miRNA array results showed that 34 miRNAs were upregulated (.2.0-fold change) and 46 down-regulated (.2.0-fold change) in BMSCs from Irs-1 smla/smla mice ( Fig. 2A; Supplemental Tables 3 and 4) . Among the down-regulated miRNAs, miR-705 and -125b were found to inhibit BMSC differentiation, together with miR-34b and -143, which inhibit osteoblast differentiation.
Of (16, 17) . The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO) and are accessible through the GEO Series accession number GSE84310 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc=GSE84310).
Col1a2 is directly regulated by miR-342
The role of miRNAs is to regulate gene expression by binding target sequences that can be identified using the miRNA database. Accordingly, we identified all the target genes of the 80 miRNAs that were differentially expressed in the Irs-1 smla/smla mice. Next, we compared these target genes with the differentially expressed osteogenesisrelated genes identified by our PCR array analyses. We found that the expression of Col1a2 was elevated in BMSCs derived from Irs-1 smla/smla mice, whereas the expression of miR-342, which targets this gene, was reduced. We then performed a luciferase reporter assay to confirm that miR-342 could bind to the 39-UTR of the Col1a2 gene and regulate promoter activity. As shown in Fig. 3 , we predicted the DNA-binding sequence of murine miR-342 (mmu-miR-342-3p) and its complementary sequence in the 39-UTR of the Col1a2 gene (Fig. 3A) . We then constructed 2 luciferase reporter pmirGLO vectors, one driven by miRNA binding to the WT Col1a2 39-UTR (pmirGLO/Col1a2UTR), with a second containing a Col1a2 39-UTR-deletion mutant (DM; pmirGLO/ Col1a2UTR, sequence shown in Fig. 3A ; labeled DM in Fig. 3B ). After transfection of HEK293T cells with these constructs, we found that an miR-342 mimic inhibited and an miR-342 inhibitor enhanced luciferase activity regulated by the WT Col1a2 39-UTR (Fig. 3C) . However, the miR-342 mimic could not inhibit luciferase activity in cells transfected with the DM Col1a2 39-UTR, which lacks its requisite target sequence (Fig. 3D) . Similarly, transfection of primary mouse calvarial osteogenic cells showed that the miR-342 inhibitor increased, and the miR-342 mimic reduced, Col1a2 RNA and protein expression (Fig. 3E, F) .
Time-dependent Col1a2 and miR-342 expression in vivo and in vitro
To identify the dynamic expression patterns of COL1A2 and miR-342 in bone formation, we analyzed their expression over time in vivo. Femurs isolated from 2-and 12-mo-old mice, respectively, showed an age-dependent expression of COL1A2 (Fig. 4A) . At 2 mo of age, COL1A2 expression was higher in the BMSCs derived from Irs-1 smla/smla mice than in BMSCs from Irs-1 +/+ mice, but no clear differences in COL1A2 expression or number of COL1A2 + osteoblasts at the endosteal bone surfaces were identified (Fig. 4B) . By 12 mo of age, COL1A2 expression levels for Irs-1 smla/smla and Irs-1 +/+ mice were broadly comparable in BMSCs, but were higher in osteoblasts derived from Irs-1 smla/smla mice than in those from Irs-1 +/+ mice (Fig. 4B ). In the heterozygotes (Irs-1 +/smla mice), osteoblasts and BMSCs showed the highest COL1A2 expression at 12 mo of age, but the lowest at 2 mo of age.
During osteogenic induction in BMSCs, Col1a2 mRNA and miR-342 levels changed over time. Col1a2 mRNA levels gradually increased from 0 to 8 d of osteogenic induction, peaking after d 8, then gradually falling. miR-342 levels were clearly negatively correlated to Col1a2 levels. Initially, miR-342 levels increased, but after d 2 they declined, reaching a nadir after d 8 before increasing again (Fig. 4C) . Accordingly, COL1A2 protein expression gradually increased in early stages, peaking on d 8-12, and then falling (Fig. 4D) . smla/smla mice, BMD, Tb.N, Tb.Th, and BV/TV were all increased, but Tb.Sp was decreased compared with age-matched WT mice. B) Representative 3-D rendered mCT images of proximal tibiae from different groups. Compared with the WT group, dramatic bone gain was identified in 12-mo-old Irs-1 smla/smla trabeculae. *P , 0.05; **P , 0.01, compared to WT mice. Data are means 6 SD.
We used ALP staining to determine the differentiation status of the induced BMSCs. ALP staining was strongest on d 12 of osteogenic induction, then declined. At 16 d after osteogenic induction, cells became small and asteroid, with low ALP staining (Fig. 4E) . When these cells were stained with the preosteocyte (21) or osteocyte marker (22) , DMP-1, they showed positive DMP-1 staining at 16 d of induction. This result suggested that these BMSCs had successfully differentiated into osteocyte-like cells.
Col1a2 silencing and an miR-342 mimic inhibits BMSC differentiation
Next, we investigated the roles of Col1a2 and miR-342 in the time-dependent regulation of BMSC differentiation. When a Col1a2-specific siRNA was transfected into BMSCs, COL1A2 expression was successfully silenced (Fig. 5A) . Compared with controls (transfected with scrRNA), Col1a2-silenced cells showed reduced ALP content after 4, 8, 12, and 16 d of osteogenic induction (Fig. 5B) . After 16 d of induction, no small, asteroid osteocyte-like cells were observed (Fig. 5B) . Immunocytochemistry also showed that Col1a2 siRNA silenced DMP-1 expression in BMSCs after 12 and 16 d of osteogenic induction (Fig. 5C) . In osteogenicinduced BMSCs, transfection of miR-342 inhibitors increased Col1a2 expression (Fig. 5D ) and ALP levels (Fig. 5E) . Conversely, transfection of an miR-342 mimic reduced ALP levels (Fig. 5E ). These results indicated that miR-342 inhibited Col1a2 expression and BMSC differentiation.
Col1a2 overexpression in Irs-1 smla/smla mice promotes BMSC differentiation Given that collagen I comprises ;90% of the organic matrix of bone, Col1a2 expression is clearly expected to be important in BMSC differentiation. Therefore, we assessed the relationships between Irs-1, Col1a2, and BMSC differentiation in Irs-1-deficient mice. Compared to BMSCs from Irs-1 +/smla and Irs-1 +/+ mice, BMSCs from Irs-1 smla/smla mice showed elevated COL1A2 expression at 2 mo but not at 12 mo of age (Fig. 6A) . The expression levels of miR-342 showed no statistically significant differences when comparing Irs-1 smla/smla , Irs-1 +/smla , and Irs-1 +/+ mice at 12 mo of age (Fig. 6B ). Osteocyte ALP staining was increased in Irs-1 smla/smla mice compared to Irs-1 +/smla and Irs-1 +/+ mice (Fig. 6C) . However, ALP staining in BMSCs from Irs-1 smla/smla mice was low after 4 d of osteogenic induction, but differentiation into osteocyte-like cells was observed after 12 d of induction (Fig. 6D) , which was faster than the differentiation pattern observed in BMSCs from WT mice (16 d of induction) . In addition, the osteocyte-like cells derived from the differentiation of Irs-1 smla/smla BMSCs showed more intense ALP staining than BMSCs from WT mice after 16 d of induction (Fig. 4E) . When BMSCs from Irs-1 smla/smla mice were transfected with a Col1a2 siRNA, they lost their ability to differentiate into osteocyte-like cells, even after 16 d of induction (Fig. 6E ).
DISCUSSION
Previous in vitro studies have shown that Irs-1 plays significant roles in bone formation (23, 24) . However, conflicting data have been reported for the influence of Irs-1 on BMD for patients with T2DM that were both deficient in IRS-1 expression and expressed insulin resistance. Several groups reported elevated BMD at the lumbar spine and femoral neck among postmenopausal women or men with metabolic syndrome and insulin resistance (25, 26) . In contrast, many other studies have shown the opposite, significant reductions in lumbar spine BMD among women with metabolic syndrome and diabetic osteopathy in patients with T2DM and IRS-1 deficiency (27, 28) . The conflicting data suggest that insulin and IRS-1 play complex roles in bone metabolism. To investigate these mechanisms, we first analyzed bone morphometric changes in Irs-1-deficient mice. Although no significant difference was found in BMD when comparing Irs-1 smla/smla and Irs-1 +/+ mice at 2 mo of age, by 12 mo of age, the Irs-1-null mice exhibited a significantly higher BMD (than the Irs-1 +/+ mice), suggested an agedependent transition (Fig. 1) . More significantly, the Tb.Th was increased in 12-mo-old mice, but reduced in 2-mo-old Irs-1 smla/smla mice compared with WT controls (Fig. 1) . That finding indicated that osteoblasts and osteocytes in embryonic or newborn Irs-1 smla/smla mice that were initially deficient in bone formation, later developed an increased capacity to make bone during the growth stages. Because osteoblasts and osteocytes are derived from BMSCs (29), we then investigated changes in the gene and miRNA expression profiles in Irs-1 smla/smla BMSCs to reveal additional mechanistic data.
Using PCR array analyses, we compared 84 key osteogenesis-related genes in the 3 genotypes of Irs-1 mice.
We found that 41 osteogenesis-related genes were affected by Irs-1 deficiency ( Fig. 2 ; Supplemental Table 1). These genes were involved in bone and skeletal development and cell growth and differentiation and in extracellular matrix synthesis and degradation. However, their net effects were difficult to unravel, +/smla and Irs-1 +/+ mice, COL1A2 expression was clearly elevated in BMSCs from Irs-1 smla/smla mice at 2 mo but not at 12 mo of age. B) Real-time PCR assays shows that the expression levels of miR-342 showed no significant statistical differences among Irs-1 smla/smla , Irs-1 +/smla , and Irs-1 +/+ mice. C ) ALP staining was also increased in osteocytes from Irs-1 smla/smla mice compared to osteocytes from Irs-1 +/smla and Irs-1 +/+ mice. D) BMSCs from the Irs-1 smla/smla mice showed low ALP staining after 4 d of osteogenesis induction and then differentiated into osteocyte-like cells after 12 d of osteogenesis induction. These osteocyte-like cells showed a more intense ALP staining than those from WT mice (see Fig. 4E ). E ) When BMSCs from the Irs-1 smla/smla mice were transfected with a Col1a2 siRNA, they lost the ability to differentiate into osteocyte-like cells, even after 16 d of induction.
given that bone-promoting genes were both up-and down-regulated. For example, bone morphogenetic protein (BMP)-4 and fibroblast growth factor (FGF)-2 promote bone formation (30, 31) , but BMP-4 was upregulated, whereas FGF-2 was down-regulated in Irs-1 smla/smla BMSCs. These findings indicated that Irs-1-mediated regulation of bone metabolism is of substantial complexity, which is also reflected by the number (80 miRNAs) of differentially expressed miRNAs that were found. Irs-1 deficiency provoked a down-regulation of several miRNAs (miR-705 and -143) that inhibit osteoblastic differentiation, together with miRNAs (miR-125a) that inhibit osteoclastic differentiation (32, 33) (Supplemental Table 3 ). To determine the connection between differentially expressed genes and miRNAs, we then performed bioinformatics analyses to identify the target genes of the 80 differentially expressed miRNAs. In particular, Col1a2 was identified as the target gene of miR-342. In BMSCs from Irs-1 smla/smla mice, miR-342 expression was reduced, and Col1a2 expression increased. In dual luciferase reporter assays, we confirmed that Col1a2 was the target gene of miR-342, and we identified a 6-nt core binding sequence in the 39-UTR of the Col1a2 gene (Fig. 3) .
As an important component of bone tissue, Col1a2 plays crucial roles in organizing mineral deposition and bone growth (34) . A previous study found that a Col1a2 mutation led to ineffective osteogenesis because of increased bone resorption (35, 36) . In Irs-1 smla/smla mice, we investigated the relationships between COL1A2 expression and age-dependent changes in BMD and trabecular bone. First, we detected dynamic COL1A2 expression changes in the bone marrow of mice at different ages. We then examined COL1A2 expression during the osteogenic induction of BMSCs and found that COL1A2 expression in Irs-1 smla/smla mice was age-dependent (Fig. 4A) . During in vitro osteogenic induction of BMSCs, COL1A2 expression was also time dependent (Fig. 4C, D) . ALP staining and morphologic observations showed that ALP secretion peaked on d 8. By d 12, induced BMSCs had become mineralized osteoblasts with diminished ALP staining, indicating that mineralized osteoblasts express little COL1A2 or ALP (Fig. 4E) , as reported by Lian and Stein (37) . After 16 d of osteogenic induction, mineralized osteoblasts became small, asteroid osteocyte-like cells with weak ALP staining (Fig. 4E) . Indeed, positive staining with the preosteocyte-or osteocyte-specific marker (21, 22) , DMP-1 indicated that these BMSCs had differentiated into osteocytelike cells. These results demonstrated that COL1A2 and ALP expression was increased before mineralization and osteoblast differentiation, then decreased afterward. Moreover, normal osteocytes expressed relatively low levels of ALP. The regulator of Col1a2 was found to be miR-342. During in vitro osteogenic induction, miR-342 expression correlated inversely with Col1a2 expression, consistent with the notion that miR-342 regulates the time-dependent expression of Col1a2.
COL1A2 belongs to the family of ECM proteins. The ECM provides structural support, mediates cellmatrix adhesion; binds soluble growth factors, regulates growth factor distribution, activation, and presentation to cells; and integrates complex, multivalent signals for cells (38, 39) . It remains unclear as to whether ECM proteins can regulate osteoblast differentiation. However, collagen was identified as a ligand for the osteoclast-associated receptor (OSCAR) in osteoclasts and dendritic cells (40) . The binding of collagen peptides to OSCAR on blood-derived monocytes has been shown to promote receptor activator for NF-kB ligand-induced differentiation to osteoclasts (41) . Accordingly, we analyzed the effects of Col1a2 on the differentiation of BMSCs and osteoblasts. We found that BMSCs transfected with either a Col1a2 siRNA, or miR-342, expressed reduced ALP after 4, 8, 12, and 16 d of osteogenic induction. Ultimately, these cells could not be induced to differentiate into DMP-1 expressing osteocyte-like cells (Fig. 5) , demonstrating that COL1A2, an ECM protein, could directly regulate BMSC differentiation.
In Irs-1 smla/smla mice, COL1A2 expression was increased in the bone marrow, which may enhance BMSC differentiation and promote bone formation at the surface of trabecular bone. These activities may partially explain why Tb.Th and BMD were elevated in 12-mo-old Irs-1 smla/smla mice. Overexpression of COL1A2 in Irs-1 smla/smla mice promoted BMSC differentiation into osteocyte-like cells. Conversely, when Col1a2 was silenced in BMSCs from Irs-1 smla/smla mice (with siRNAs), those BMSCs could no longer differentiate into osteocyte-like cells (Fig. 6) . Collectively, these results suggest that Col1a2 might play a key role in the age-dependent changes in BMD and Tb.Th that manifest in Irs-1 smla/smla mice. In vivo ALP staining of osteocytes in bone tissues also showed a high ALP content in the osteocytes of Irs-1 smla/smla mice, but not in osteocytes of WT mice. Therefore, the time-dependent expression of COL1A2 appeared to lead to age-related changes in BMD and bone trabeculae in Irs-1 smla/smla mice. However, the imbalance between bone formation and absorption in Irs-1 smla/smla mice likely involves many other genes and miRNAs. It remains to be determined which genes regulate bone formation in the embryonic phase and which are involved in the regulation of bone formation from birth to 2 mo of age. Actually, the BMD and Tb.Th in newborn Irs-1 smla/smla mice were found to be reduced relative to WT and heterozygotes. Further studies will be needed to reveal the mechanisms that underlie these phenotypes. In addition, an Irs-1 conditional knockout, targeted to osteocytes, would enable robust validation of these data.
In summary, our results indicate that Irs-1 regulates bone formation in a time-dependent fashion by changes to Col1a2 expression that necessitate miR-342 activity. In addition, we demonstrated that Col1a2 could regulate osteoblast and osteocyte differentiation, which represents a new mechanism underlying insulin signaling in bone formation.
